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ABSTRACT 

The paradigm for the Gamma Ray Burst (GRB) prompt emission is changing. Since early in the 
Compton Gamma Ray Observatory {CGRO) era, the empirical Band function has been considered 
a good description of the keV-MeV 7 -ray prompt emission spectra despite the fact that its shape 
was very often inconsistent with the theoretical predictions especially these expected in the pure 
synchrotron emission scenarios. We have recently established a new observational model analyzing 
data of the NASA Fermi Gamma-ray Spaee Teleseope. In this model, GRB prompt emission would be 
a combination of three main emission components: (i) a thermal-like component that we interpreted 
so far as emission from the jet photosphere, (ii) a non-thermal component that we interpreted so 
far as synchrotron radiation from the propagating and accelerated charged particles within the jet, 
and (iii) an additional non-thermal (cutoff) power-law extending from low to high energies in 7 -rays 
and most likely of inverse Compton origin. In this article we reanalyze some of the bright GRBs 
observed with the Burst And Transient Source Experiment (BATSE) on-board CGRO with the new 
model, namely GRBs 941017, 970111 and 990123. We conclude that BATSE data are fully consistent 
with the recent results obtained with Fermi: some bright BATSE GRBs exhibit three separate 
components during the prompt phase with similar spectral parameters as these reported from Fermi 
data. In addition, the analysis of the BATSE GRBs with the new prompt emission model results 
in a relation between the time-resolved energy flux of the non-thermal component, and its 

corresponding uFjy spectral peak energy, Ep■ (i.e., Ff^^-EpJ^ ■) that has a similar index—when 
fitted to a power law—as the one initially derived from Fermi data. For GRBs with known 
redshift (z) this results in a possible universal relation between the luminosity of the non-thermal 
component, and its corresponding uFi, spectral peak energy in the rest frame, (i.e., 

LnTh_gN^Aest^ estimated the redshifts of GRBs 941017 and 970111 using GRB 990123—with 
z=1.61—as a reference. The estimated redshift for GRB 941017 is typical for long GRBs and the 
estimated redshift for GRB 970111 is right in the range of the expected values for this burst. 

Subjeet headings: Gamma-ray bursts - Radiation mechanisms: thermal - Radiation mechanisms: 
non-thermal - Acceleration of particles 


1. INTRODUCTION 

During the past years, a new paradigm has emerged 
for Gamma Ray Burst (GRB) prompt emissiorj^in which 
multiple component models seem to be favo red compared 
to sing le component ones (see for instance |Guiriec et al. 
2015a). Until recently, the empirical Band function— 
a smoothly broken power law (PL) described with four 
free parameters: (ABand and /^Band for the indices of the 
low and high energy PLs, respectively, for the z^F^^ 


spectral peak energy (Gehrels 1997), and an amplitude 
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parameter (Band et al. 1993 Greiner et al. 1995)—was 
considered as an adequate description of the keV-MeV 
7 -ray prompt emission spectra. However, an additional 


PL was required in a few cases to account for si 

Dectral 

deviations at high energies (|Gonzalez et al. 

2003 

1 2012 

Guiriec et al.|2010l|2015al Abdo et al.|2UU9bt 

Ackermann 

et al. 2010, 2011|). Moreover, despite their compatibil- 


usually too high to be consistent with the predictions 
from the pure synchrotron emission scenarios from elec¬ 
trons in the slow and fast cooling regimes that require 


index values <-2/3 and <- 3/2, respectively (|Cohen et al 


19971 

Crider et al. 1997| |Preece et al.||199S 

Ghisellini 

et al. 

2000p, as ex 

pected in the framework 0 : 

’ the popu- 

lar fireball model ( 

Cavallo & Rees||1978 

Paczynski|1986 

Goodman||19861 Isl 

uemi Piran|1990t 

Rees 6^ IVleszarosI 


The recent discovery of a thermal-like component, Cxh, 
together with a non-t hermal one, CnTh, in the prompt 
emission of both l ong (Guirie c et al.|[^lla[ |2Q15a |c| |Ax-| 
elsson et al. 2012|) and short (Guiriec et al.|2U13|) GRBs 
observed with the Fermi Gamma-ray Spaee Teleseope 
(hereafter, Fermi) ^ challenges the well established Band 
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function paradigm. The Cxh spectral shape is usually 
compatible with a Planck function—based on the qual¬ 
ity of the Fermi data. Although a broader spectral shape 
more compatible with th e GRB jet pho t ospher ic models 
was recently reported in Guiriec et al. (2015c) who an¬ 
alyzed the spectra of GRB 131014A ana showed that it 
exhibited an intense Gxh component. Indeed, while a 
pure Planck function is well approximated with a cut¬ 
off PL (GPL) with an index <axh=+l: the thermal-like 
component of GRB 131014A is best described with a 
GPL with an index (axh~+0-b. The Cnxh spectral shape 
is adequately described with a Band function but with 
spectral parameters usually very different from those re¬ 
sulting from fits to a Band function alone. For instance, 
<^nTh is systematically lower than aBand and, therefore, 
more compatible with the synchrotron emission scenar¬ 
ios, /3nXh is < r\j- 3 and compatible with an exponential 
cutoff (i.e., the Band function can be replace with a 
GPL with no change in the fit statistics), and 
is ^syste matically shifted to h i gher yalues com pared to 

c). In the 


2011a 


2013 


2015a 


(Guiriec et al. 
case of short GRB 12d323A, in tits to GnXh+Cxh the 
a indices drop from positive values—in fits to a Band 
function alone—down to values low enough to be com¬ 
patible wit h the pure fast-cool ing synchrotron scenario 
(i.e., ^-1.2) (| Guiriec et al.||2013). Gonversely to the gen¬ 
uine fireball model, which predicts a thermal-like compo¬ 
nent from th e jet photosphere tha t overpowers the non- 
thermal one ( Zhang fc Pe’er||2QQ9 ), the observed Cxh is 


usually ener getically subdommant compared to CnXh a.s 


predic t ed by Daigne fc Mochk ovitch 
(2005), Zhang Pe'er~ p009[ ) and |Hascoet et al. 


^ 2602 |j_Na^x^aL 


in the case of highly magnetized outflows. The diver¬ 
sity of Gxh relative contribution to the total energy from 
burst to burst indicates that the magnetiz ation parame¬ 


ter can vary over a l arge range of values (Guiriec et al 
2011a 2013 2015a|c ). Although we interpreted CnXh as 


synchrotron emission, it is also possible that this c ompo 
nent corresponds to a comptonized photosphere dPe’er 


20081 IBeloborodov 

1^010||Beloborodov et al.j 20141 |Vurm 

& Beloborodov|20] 

_ 


a step further by identifying simultaneously the three 
known components—namely CnXh, Cxh and the ad¬ 
ditional (cutoff) PL (i.e., Cnxh+Cxh+(C)PL) —in the 
prompt emission of some bright Fermi GRBs. This com¬ 
pletely changed the view we had of GRB 080916C consid¬ 
ered before as adequately fitted to a single Ba nd function 
from 8 keV up to GeVs (Abdo et al. 2009a). While the 


spectral and temporal behaviors of GRBs 080916C and 
090926A were very differe nt when fitted to a B and func¬ 


tion alone for the former (Abdo et al. 


combination of a Band function and a additional GPL for 


2009a) and to a 


the latter (Ackermann et al. |2011[ ), the two GRBs are like 
“twins” in the context of the GnXh+Cxh+(C)PL model. 
We note here, however, that the three components of the 
CnTh+Cxh+(C)PL model are not systematically present 
o r detectable in all GRBs. 

[Guiriec et al.| ( |2013[ |2015a|c ) reported a strong correla¬ 
tion between the time-resolved energy flux of Gnxh, 
and its corresponding spectral peak energy, ■ 

intrinsic to each burst (hereafter, ■ relation 


where “i” counts time intervals). Interestingly, the Ff^^- 
^pJak,i i*elations for all GRBs are adequately described by 
PLs with very similar index values indicating a possible 
common physical process in jets of both short and long 
GRBs to explain the CnXh component. Moreover, when 
accounting for the redshift and the K-correction, a strong 
correlation appears between the time-resolved luminosity 
of GnXh, Lf^^, and its corresponding z/F^y spectral peak 
energy in the GRB central engine rest frame, 

(hereafter, relation); this relation is not 

only intrinsic to each GRB but it is also common to all 
GRBs and points, therefore, towards a possible univer¬ 
sal physical mechanism intrinsic to all GRB jets, which 
may eventually be used, for instance, (i) to measure the 
distance of GRBs using solely their y-ray prompt emis¬ 
sion and (ii) to constrain the cosmological parameters 
complementary to the type IA supernova sample. 

While all the parameters of the Band function are 
highly variable—within each burst and from burst to 
burst—when a Band function alone is fitted to y-ray 
prompt emission data, o^nTh, /^nXh, QfTh and the in¬ 
dex of the additional (C)PL, (a(c)PL5 do not vary much 
with time or from burst to burst when fitt ing either 
CnXh+Cxh or C nXh+Cxh + (C)PL to the data (Guiriec et 
al. 2013 |2015a). Indeed, a^Th indices have val ues that 
are either ^-0.7 or ^ -1.2 depending on the burst (Guiriec 
et al.|2013l |2015a|c|) , index values are usually <-3.5 
and compatible with exponential cutoffs in many cases, 
(Xxh indices are usually ^+0.6, and Qf(c)PL values are 
usually ^-1.5. Therefore, by freezing some parameters of 
the GnXh+Cxh and GnXh+Cxh+(C)PL models to their 
typical values, we reduce the number of free parameters 
to 4 and 5, respectively, without degrading significantly 
the fit quality, and the new models become statistically 
competitive with the Band function in terms of free pa¬ 
rameters. Moreover, thanks to the FJ^^^-EpJ^ • and 

pnTh_p^CnT^h,rest ^g possible to reduce again 

the number of free parameters to 3 and 4 for CnXh+Cxh 
and CnXh+Cxh+(C)PL, respectively. 

In this article we reanalyzed three famous bright long 
GRBs (namely, GRBs 941017, 970111 and 990123) ob¬ 
served with the Burst And Transient Source Experiment 
(BATSE) on-board the Compton Gamma Ray Observa¬ 
tory (CGRO )—that was operating in low Earth orbit 
from 1991 to 2000—in the context of the new paradigm 
to verify its consistency with these archival data. In Sec¬ 
tions [2| and [3] we discuss the data selection criteria and 
our analysis methodology. Einally in Section]^ we present 
our results. We will see how the view we had of those 
GRBs—that attracted a lot of attention in the scientific 
community—may be completely refreshed in the frame¬ 
work of the new model. 

2. DATA SELECTION 

We focus this first article of a series on a limited sample 
of three famous bright long GRBs detected with BATSE. 
These GRBs are of particular interest because they have 
often been and still are cited to support or discard theo¬ 
retical interpretations for GRB prompt emission. 

GRB 990123 was the first GRB to be simultaneously 
detected during its prompt p hase in the y-ray and optical 
bands (y-ray reference here, Akerlof et al. 1999). The 
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Fig. 1.— GRB 941017 count light curves as observed with 
BATSE LAD4 (^^20 keV-2 MeV). (al-3) 2.048 s time-resolved 
light curves, (bl-3) Light curves with the binning used for our 
time-resolved spectral analysis. 



Fig. 3.— GRB 990123 count light curves as observed with 
BATSE LADO (^^20 keV-2 MeV). (al-3) 2.048 s time-resolved 
light curves, (bl-3) Light curves with the binning used for our 
time-resolved spectral analysis. 



Fig. 2.— GRB 970111 count light curves as observed with 
BATSE LADO (-20 keV-2 MeV). (al-4) 2.048 s time-resolved 
light curves, (bl-4) Light curves with the binning used for our 
time-resolved spectral analysis. 


prompt emission spectra of this burst in the keV-MeV 


single Band function (Briggs et al. 

1999 

). A redshift 

estimate for the burst of 1.61 was reported 

[ by [Kelson et 


GRB 94101/—which was also observed with the En¬ 
ergetic Gamma Ray Experiment (EGRET) on board 
GGRO —was the first burst of the pie-Eermi era for which 
a strong deviation at high energy from the Band func¬ 
tion was reported (Gonzalez et al. 2003). GRB 941017 
was considered as adequately htted to a combination of a 
Band function fading with time and an additional PL re¬ 
maining constant and incompatible with the synchrotron 


models. Unfortunately no redshift was measured for this 
GRB. 

Einally, we also analyzed GRB 970111 that was 
thought to be adequately fitted to a Band function 
but with positive values of a-Band ^.t early times. The 
photometric redshift of this burst was estimated to be 
0.2<z<1.4 based on its probab le association with hos t 
galaxies at this redshift range (Gorosabel et al. 1998). 
Unfortunately, many fainter galaxies may lie in the same 
region of the sky and the association with the detected 
objects is not secure, which jeopardizes the validity of 
this photometric redshift. 

The light curves of GRBs 941017, 970111 and 990123 
are presented in Eigures[^ [^and[^ respectively. 

Detailed descriptions of the B ^TSE instrument ar e 
given in several references such as lEishman et al.| (|1989 ) 
- --#- 


Pendleton et al 


et al. 


derstan 


(1995), 


Preece et aT 


L|(|2000|) £ 

descriptic 


and Kaneko 


tEerelore, only a brief description sufficient 
to understand the data selection is given below. 

BATSE consisted of 8 individual identical detector 
modules located at each corner of the GGRO spacecraft 
comprising the faces of a regular octahedron. Each mod¬ 
ule was built of two Nal(Tl) scintillation detectors cou¬ 
pled with photomultiplier tubes (PMTs): a Large Area 
Detector (LAD) optimized for sensitivity and directional 
response, and a Spectroscopy Detector (SD) optimized 
for energy coverage and resolution. While the LADs had 
a constant energy range extending from 20 keV up to 
1.9 MeV, the SDs had an adjustable energy range be¬ 
tween 10 keV and 100 MeV depending on the gain of the 
PMTs. Despite their significantly better spectral capa¬ 
bilities, the SDs had a collecting area 16 times smaller 
than the LADs reducing considerably their sensitivity. 
The data collected by each of the 16 BATSE detectors 
can be analyzed either individually or simultaneously in 
joint fits. 

In our analysis, we only used LAD data because the 
sensitivity of the SEDs was too low for the type of 
analysis presented here (i.e., time-resolved analysis us- 
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TABLE 1 

Model parameter values resulting from the time-integrated spegtral analysis o f GR Bs 941017, 970111 and 990123 with 

THEIR 1-cr UNGERTAINTIES AS PRESENTED IN SeGTION [TTI 


Models 

Base Component 

Additional Gomponent 

Gstat/dof 


GPL or Band 

BB 

PL 


Parameters 

Ppeak 

a. 

P 

kT 

Index 



(keV) 



(keV) 




GRB 941017 from ' 

rQ-4.096 s to ' 

H 

o 

i 

00 

00 



Band 

330±5 

-0.78±0.01 

-2.35i0.03 

_ 

- 

205.8/9 

CnTh+PL 

270±4 

+ 0.12±0.07 

- 

- 

-1.62i0.01 

75.3/8 

CnTh+PL 

272±9 

+ 0.Olio.25 

-2.29i0.15 

- 

-I.99i0.33 

28.2/7 

C’nTh + CTh 

784±44 

-1.33i0.02 

- 

56.0i0.66 

- 

25.1/8 

C^nTh + C^Th 

674±75 

-1.30i0.03 

-2.41i0.22 

56.3i0.73 

- 

23.6/7 

CnTh+CTh+PL 

451±52 

-0.62i0.27 

- 

51.8i2.3 

-1.70i0.03 

18.3/6 


GRB 970111 from Tq-2.304 s to 

Toi42.752 s 



GPL 

160±1 

-0.76i0.01 

- 

- 

- 

98.7/10 

Band 

159±1 

-0.76i0.02 

-4.55i0.62 

- 

- 

96.7/9 

CnTh+PL 

163±1 

-0.20i0.08 

- 

- 

-2.26i0.06 

38.5/8 

CnTh+^Th 

151±3 

-1.21i0.06 

- 

42.Oil.0 

- 

24.3/8 

CnTh+^Th+PL 

144±8 

-I.14i0.48 

- 

43.2i2.1 

-1.72i0.80 

23.0/6 



GRB 990123 from Tq to ToilOO.352 s 



Band 

609±10 

-0.89i0.01 

-2.66i0.09 

_ 

- 

382.4/9 

CnTh+PL 

432±8 

-0.10i0.05 

- 

- 

-1.58i0.01 

123.3/8 

L^nTh + ^Th 

999±41 

-1.20i0.02 

- 

81.7il.l 

- 

99.6/8 

CnTh+CTh+PL 

614±60 

-0.40i0.20 


63.8i4.4 

-1.68i0.03 

68.3/6 


ing multiple spectral components). We used the LAD 
Continuous (CONT) data for which the energy range is 
divided into 16 energy channels with an accumulation 
time of 2.048s. For each of the three GRBs, we used the 
LAD detector with the smallest angle to the source (i.e., 
LAD4 for GRB 941017 and LADO for GRBs 970111 and 
990123). The response matrices were generated using the 
best source locations for the three GRBs. 

3. ANALYSIS METHODOLOGY 
We fol lowed here the same procedure as de scribed in 


detail in Guiriec et al. (2011a, 2013 2015a|c). We first 


performed a time-integrated analysis of the bursts to 
identify the main spectral components of the prompt 
emission. Then we analyzed the bursts on fine time scales 
to follow the evolution of the various components and to 
verify that the observed spectral features are not merely 
artifacts due, for instance, to strong spectral evolution. 

For this analysis, we used the fitting package Rmfit and 
we determined the best parameters of the various tested 
models as well as their 1-cr uncertainties by minimizing 
Castor C-Statistic (hereafter, Cstat). Cstat is a likeli¬ 
hood technique converging to a for a specific data set 
when there is ‘‘e nough” data. ___ 

As proposed in Guiriec et al. (2011a, 2013 2015a|c ) we 
fitted our CnTh+GTh+GnTh2 model to the three GRBs 
where: (i) CnXh is a component with a non-thermal spec¬ 
tral shape that we approximated with either a GPL or 
Band function; (ii) Cxh is either 0 or a thermal-like com¬ 
ponent that we approximated with a black body (BB) 
spectrum in the current analysis; and (iii) CnXh2 is ei¬ 
ther 0 or a second non-thermal component that we ap¬ 
proximated with a PL. While we left all the parameters 
of CnXh+Cxh+CnXh2 free in the time-integrated spectral 
analysis we froze cinXh to -0.7, /3nXh to <-5 (he., GP L) 
and (XpL to -1.5 as proposed in|Guiriec et al.| (|2015a|) in 
the time-resolved one (i.e., CnXh+Gxh+PLsparams)- 


4. RESULTS 

4.1. Time-Integrated Speetral Analysis 

Table [B summarizes the results of the time-integrated 
analysis tor the three GRBs and the more relevant models 
are presented in Figures H to It is clear from the 
Cstat values that a Band lunction alone is not a good 
description of the time-integrated spectra; this is also 
supported by the strong wavy pattern observed in the 
residuals of the Band-only fits as shown in panels (a2) of 
Figures to 

CnXh+Cxh significantly improves the Band-only fits 
by 181, 72 and 283 units of Cstat for only one additional 
free parameter for GRBs 941017, 970111 and 990123, 
respectively. For the three GRBs, CnXh is adequately 
approximated with a GPL in the Cnxh+Cxh scenario. 

Although not as good as Cnxh+Cxh, CnXh+PL is also 
significantly better than Band-alone. It is not surpris¬ 
ing because the additional PL usually overpowers CnXh 
below few tens of keV and above few MeV as reported 
from Fermi data (|Abdo et ah] 2009b _ Ackermann et al 


2010, 2011 Umriec et al 


the energy range of BAT'SE 


.||2oibi |2oihkir 

Be only extenc 


Indeed, since 
y extends from 20 keV 


up to 2 MeV, the additional PL, if it exists, is most 
likely highly subdominant in this energy band compared 
to the other components. With a broader energy range, 
which extends from 8 keV up to 40 MeV, firm identi¬ 
fications of the additional PL are much easier with the 
Fermi/ Gamma-ray Burst Monitor (GBM) as shown in 
Guiriec et al. (2010 2015a). Therefore, we do not expect 
to usually have an as strong Cstat improvement with the 
additional PL over the BATSE energy range as with Cxh, 
but its possible existence cannot be discarded. 

A Cstat improvement of 31 units for two additional free 
parameters is obtained when adding a PL to Cnxh+Cxh 
for GRB 990123 (i.e., CnXh+Cxh+PL) suggesting the 
simultaneous presence of the three components as pre- 
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Fig. 4.— Time-integrated BATSE (LAD4) spectra of 
GRB 941017 (from To-4.096 s to To+118.784 s) when fitted to 
(a) a Band function alone, (b) CnTh+PL, (c) CnTh+CTh, and (d) 
CnTh+CTh+PL- The deconvolved spectra are presented in 
panels (al), (bl), (cl) and (dl)—the dashed lines correspond to 
the individual components of the fitted model and the solid ones 
to the total emission. Panels (a2), (b2), (c2) and (d2) correspond 
to the residuals of the fits. 


Fig. 6. — Time-integrated BATSE (LADO) spectra of 
GRB 990123 (from Tq to To+100.352 s) when fitted to (a) a 
Band function alone, (b) GnTh+PL, (c) GnTh+CTh, and (d) 
CnTh+CTh+PL- The deconvolved spectra are presented in 
panels (al), (bl), (cl) and (dl)—the dashed lines correspond to 
the individual components of the fitted model and the solid ones 
to the total emission. Panels (a2), (b2), (c2) and (d2) correspond 
to the residuals of the fits. 



Fig. 5. — Time-integrated BATSE (LADO) spectra of 
GRB 970111 (from To-2.304 s to To+42.752 s) when fitted to (a) 
a Band function alone, (b) GnTh+PL, (c) GnTh+CTh, and (d) 
CnTh+CTh+PL. The deconvolved uYj^ spectra are presented in 
panels (al), (bl), (cl) and (dl)—the dashed lines correspond to 
the individual components of the fitted model and the solid ones 
to the total emission. Panels (a2), (b2), (c2) and (d2) correspond 
to the residuals of the fits. 


sented in several Eermi GRBs in Guiriec et al. (2015a). 
For GRB 941017, only a limited Gstat improvement is 


obtained with CnTh+Cxh+PL, but since the additional 
PL is supporte d by the .joint analy sis of BATSE and 
EGRET data in Gonzalez et al. (2003), we can, therefore, 
be confident about its existence. Claiming the possible 
presence of an additional PL component is much more 
speculative in the case of GRB 970111. Indeed, even if 
CnTh+Cxh+PL can be fitted to the data of this GRB, 
the parameters of the additional PL are not well con¬ 
strained and its fiux is compatible with 0; however, we 
will see that the time-resolved analysis may support the 
presence of the additional PL albeit weaker than in the 
two other GRBs. 

In addition to the discussion above, Eigures|^to[^show 
a clear fiattening of the residuals in the multi-component 
scenarios and the systematic wavy patterns observed in 
the residuals of the Band-only fits are replaced by much 
more random ones with GnXh+Cxh+PL; therefore, the 
resulting spectral shape of this three component model 
appears as a valid option to describe the spectra of the 
three GRBs. 


4.2. Time-Resolved Speetral Analysis 

In this Section we only discuss the most relevant mod¬ 
els resulting from the time-integrated spectral analy¬ 
sis: Band, GnXh+Cxh and GnXh+Cxh+PL. Here, GnXh 
is approximated with a GPL for both Cnxh+Cxh and 
CnXh+Cxh+PL. With 7 free parameters, it is often chal¬ 
lenging to fit GnXh+Cxh+PL to the data in the fine time- 
intervals and to get meaningful constrains on the values 
of the spectral parameters; therefore, we fixed the spec¬ 
tral index values of GnXh and of the ad ditional PL to 
-0.7 an d -1.5, respectively, as proposed in |Guiriec et al. 
(2015a). Although these parameter estimates may not 
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Fig. 7.— GRB 941017 - Evolution of of the spectral parameters for Band, CnTh+Cxh and CnTh+CTh+PL- (a) Evolution of a[. 
The horizontal dashed black lines at -2/3 and -3/2 correspond to the limits above which the valus of a[ are incompatible with the 
synchrotron emission from electrons in the pure slow and fast cooling regime, respectively, (b) Evolution of Epeak,i for Band, CnTh+CTh 
and CnTh+CTh+PL- (c) Comparison of the evolution of from Band with E^J^ . and . from CnTh+CTh- (d) Comparison of 

the evolution of from Band with E^J^ . and . from CnTh+CTh+PL- (o) Comparison of the evolution of kTi for CnTh+CTh 

and CnTh + CTh+PL. (f) Fp--d_EBand. F^Th^EnTh . ’for Band, CnTh + CTh and CnTh + CTh+PL. 


be the most accurate ones, they are good enough in the 
context of our analysis, which does not plan to study the 
detailed spectral shape of the various components, but 
their global shape and evolution. A more accurate es¬ 
timate of these parameters based on a larger sample of 


GRBs will be the topic of a future article. 

The results of the tim e- resol ved spectral analysis are 
pr esen ted in Tables |A1| to |A3| as well as in Figures |A1 
to 




































































































CGRO/BATSE Data Support the New Paradigm for GRB Prompt Emission 


7 




Time since BATSE trigger (s) 



Time since BATSE trigger (s) 




Epeakj(keV) 


Fig. 8. — GRB 970111 - Evolution of of the spectral parameters for Band, CnTh+Cxh and CnTh+CTh+PL- (a) Evolution of a[. 
The horizontal dashed black lines at -2/3 and -3/2 correspond to the limits above which the values of a[ are incompatible with the 
synchrotron emission from electrons in the pure slow and fast cooling regime, respectively, (b) Evolution of Epeak,i for Band, CnTh+CTh 
and CnTh+CTh+PL- (c) Comparison of the evolution of from Band with E^J^ . and . from CnTh+CTh- (d) Comparison of 

the evolution of from Band with E^J^ . and . from CnTh+CTh+PL- (o) Comparison of the evolution of kTi for CnTh+CTh 

and CnTh+Cxh+PL. (f) FP'‘-'d_EBand, FPTh_EnTh , ’for Band, CnTh+Cxh and C^xh+Cxh+PL. 


4.2.1. Band versus CnTh-Z-Crh 

The uFy spectra resulting from the Band-only 
and CnTh+Cxh fits to the time-resolved data of 
GRBs 941017, 970111 and 990123 are overplotted in Fig¬ 


ures 


Al[ A2]and |A3l respectively. 


For only one additional free parameter, the Cstat val¬ 
ues obtained when fitting CnTh+Cxh to the data are 
overall much lower than these resulting from the fit to 
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Fig. 9. — GRB 990123 - Evolution of of the spectral parameters for Band, CnTh+Cxh and CnTh+CTh+PL- (a) Evolution of a[. 
The horizontal dashed black lines at -2/3 and -3/2 correspond to the limits above which the values of a[ are incompatible with the 
synchrotron emission from electrons in the pure slow and fast cooling regime, respectively, (b) Evolution of Epeak,i for Band, CnTh+CTh 
and CnTh+CTh+PL- (c) Comparison of the evolution of from Band with E^J^ . and . from CnTh+CTh- (d) Comparison of 

the evolution of from Band with E^J^ . and . from CnTh+CTh+PL- (o) Comparison of the evolution of kTi for CnTh+CTh 

and CnTh + CTh+PL. (f) Fp--d_EBand. F^Th^EnTh . ’for Band, CnTh + CTh and CnTh + CTh+PL. 


a Band function alone (see Tables A1 to |A3[ ) 

The similarities of BATSE and Fermi results are strik¬ 
ing when comparing Band and CnTh+Cxh- Indeed, 
is systematically lower than (panels (a) of Fig¬ 


ures m to and EpJ^^ ■ is systematically higher than 
^peaifo (panels (c) of Figuresj^to 1^ as reported in^ 


Guiriec 
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Fig. 10.— GRB 941017 - Reconstructed photon light curves re¬ 
sulting from the spectral analysis using the CnTh+CTh+PL model. 
(aO-4) The reconstructed photon light curves of the non-thermal 
(CnTh)? fhe thermal-like (Cth) and the PL components are dis¬ 
played in blue, red and green, respectively. The black dashed lines 
correspond to the sum of the three components (CnTh+CTh+PL). 
The light curves (al-3) are displayed in the same energy bands 
as the count light curves presented in Figure^ and with the same 
time intervals as in Figure^. (bO-4) The GnTh? Cth and PL 
component are displayed in olue, red and green, respectively, to¬ 
gether with the evolution of the spectral peaks of CnTh, 
in cyan and of Cth 5 in orange. The temperature of the 

thermal-like component Cth is obtained by dividing by ~2.5. 



Fig. 11. — GRB 970111 - Reconstructed photon light curves re¬ 
sulting from the spectral analysis using the GnTh+CTh+PL model. 
(aO-5) The reconstructed photon light curves of the non-thermal 
(GnTh)? lha thermal-like (GtIi) and the PL components are dis¬ 
played in blue, red and green, respectively. The black dashed lines 
correspond to the sum of the three components (GnTh+CTh+PL). 
The light curves (al-4) are displayed in the same energy bands 
as the count light curves presented in Figure [^and with the same 
time intervals as in Figure!^. (bO-5) The GnTh? Cth and PL 
component are displayed in olue, red and green, respectively, to¬ 
gether with the evolution of the spectral peaks of GnTh, E^J^, 
in cyan and of Gth? in orange. The temperature of the 

thermal-like component Gth is obtained by dividing by ~2.5. 


et al.| ( |2011al|2013l|2015a|^ 

The values exhibit strong evolution and discon¬ 

tinuities. While usually incompatible with synchrotron 
scenario limits during the first few tens of seconds, they 
become consistent with synchrotron emission from elec¬ 
trons in the slow (i.e., (aP^^^<-2/3) and even in the fast 
(i.e., (aP^^^<-3/2) cooling regime s at late times . Sim¬ 


ilarly to the results presented in Guiriec et al. (2013 
2015c), the values of are clearly positive and in¬ 


compatible with non-thermal processes during the first 
^10 s of GRB 970111; this also corresponds to the time 
period during which Gxh overpowers GnXh and therefore 
the spectral parameters of Band-alone are biased towards 
those of Cxh (see the sev eral first time-resolved spectra 
of GRB 970111 in Figure [A^ . 

Conversely to aP^^^, the values of are always 

compatible with at least the synchrotron slow cooling 
scenario (i.e., (a[^^^<-2/3). As we will see in the next Sec¬ 
tion, the discontinuity of for GRB 990123—whose 
values drop from ^-0.8 down to <-1.5 after ^To+40 s— 
is consistent with the presence of an intense additional 
PL at late times (see Figure]^). 

Overall, the temperature of Cxh (he., •/2.7; 

we choose to plot • instead of kT for an easier 

comparison to EpJ^^ • and Ep|^jpJ varies much less than 
^peak!i (^^^ pancls (c) of Eigurcs to |^ ) While the tem- 

® The index i indicates that we are discussing time-resolved val¬ 
ues. i is the time-interval index. 


perature kT of the Cxh varies between ^40 and ^120 
keV for GRB 990123, its evolution is much more limited 
for GRBs 941017 and 970111 in which kT varies from 
^30 to ^70 keV and from ^20 to ^65 keV, respectively 
(see panels (e) of Eigures[^to[^). 

Ep^g^kj us ually lower th an EgJ^ -. As noted in 


Guiriec et al. ( |2011a[ |2015a|c| |, the discrepan- 

cies between ^ and are strongest at early 

times when the intensity of Cxh is the highest; at later 
times, when the Cxh contribution decreases, the values 
of EpJ^^ • and Ep|^jp- become extremely similar. This 
is particularly striking in the case of GRB 970111 (see 
Eigurej^): from ^Tq to ^To+6 s, Ep^^jp- evolves like 
Epe<,i and not like while after -To+6 s E^^d. 

and Ep• are perfectly identical. It is also interesting to 
note that the values of Ep■ seem to fall below those of 
Eppg^^ ■ after ^To+20 s as also reported in (Guiriec et al. 
2015a) for Eermi GRBs; this trend will be clearer in the 


GnTh+Cxh+PL analysis presented in the next Section. 

4.2.2. GnThTGrii versus C-aTh.+CTh.-i-PL 

The z^E^^ spectra resulting from the CnXh+Cxh+PL 
fits to the time-resolved data of GRBs 941017, 970111 


and 990123 are displayed in Eigures |A4[ A5 and A6 


resp ectively—togeth e r with the Band-only ht results. 

In Guiriec et al. (2015a), we showed that the dis- 
tributions of and peaked at ~-0.7 and at 

^-1.5, respectively, for a sample of Eermi GRBs fit- 


(keV) 
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Fig. 12.— GRB 990123 - Reconstructed photon light curves re¬ 
sulting from the spectral analysis using the CnTh+CTh+PL model. 
(aO-5) The reconstructed photon light curves of the non-thermal 
(CnTh)? fhe thermal-like (Cth) and the PL components are dis¬ 
played in blue, red and green, respectively. The black dashed lines 
correspond to the sum of the three components (CnTh+CTh+PL). 
The light curves (al-3) are displayed in the same energy bands 
as the count light curves presented in Figure and with the same 
time intervals as in Figure!^. (bO-5) The GnTh? Cth and PL 
component are displayed in olue, red and green, respectively, to¬ 
gether with the evolution of the spectral peaks of CnTh, 
in cyan and of Cth 5 in orange. The temperature of the 

thermal-like component Cth is obtained by dividing by ~2.5. 


PL 


ted to CnTh+Cxh+PL. When fixing and 

of CnTh+Cxh+PL to these typical values for all the 
time intervals of our current analysis of BATSE data, 
CnXh+Cxh and CnXh+Cxh+PL result in similar Cstat 
values, ove rall, fo r th e same number of free parameters 


(see Tables A 1 to A3). 


When Cnxh+Cxh is fitted to the data of the three 
GRBs without the additional PL, the values of clus¬ 
ter around -1 that is an average of ^-0.7 and ^-1.5 (see 
panels (a) of Fi gures to [^ ; this resul t is similar to the 


one reported in Guiriec et ah (2015a) that showed the 


impact of the extension at low energy of the additional 
PL on the values of a. For GRB 970111, whic h exh ibits 
a weaker additional PL component (see Section 4.1), the 
values remains cl oser to ^-0.7 w i th CnXh +Cxh- 
As also reported in Guiriec et al.| (2015a), the val¬ 
ues of • obtained when fitting CnXh+Cxh+PL to 


the data are usually lower than those resultin^rom the 
CnXh+Cxh fits (see panels (b) of Figures [^toj^; this is 
particularly striking for GRB 941017 as w^l a^or GRB 
990123 after ^To+45 s. This can easily be explained if 
we consider that the contribution of the additional PL at 
high energy (i.e., >^1 MeV) is included in GnXh when 
fitting GnXh+Cxh to the data and makes, therefore, the 
spectra of GnXh harder and their ■ values higher. 

We mentioned in Section |4.1| the difficulty to clearly 
identify the additional PL in the time-integrated spec¬ 
trum of GRB 970111. It is interesting to note that 
the Cxh+PL fit—with (xfi^=-1.5 and without any GnXh 


component—to the data of GRB 970111 provides an ad¬ 
equate description of the spectra during the first few sec¬ 
onds of the burst. This has two important consequences: 
first, the use of Gxh+PL at early time results in an initial 
monotonic cooling of the thermal-like component, Cxh, 
while it was not the case for the first time interval when 
fitting GnXh+Cxh (see Figure]^); second, this would in¬ 
dicate that similarly t o the cases of GRBs 08 0916G and 
090926A published in |Guiriec et al.| (|2015a|), the addi¬ 
tional PL would be initially strong in GRB 970111 while 
GnXh is either weak or absent. The additional PL would 
then be present from the very beginning or even be¬ 
fore the other components conversely to previous reports 
where the additional PL was considered to start with a 
delay compared to th e other main non-thermal co mpo- 
nent (see for instance Ackermann et al !]|2010 2011). 


4.3. The CnTh+CTh+PL Scenario 


In Section 4.1 we discussed the presence of three spec¬ 
tral components in the time-integrated spectra of GRBs 
941017, 970111 and 990123, and we followed their evo¬ 
lution with time in Section |4.2[ We compared the dif¬ 
ferences in the spectral parameters when fitting the sim¬ 
plest model and the more complex ones, and we found 
stro ng sim i larities with th e results reported in [Guiriec et 


ah] (|2011a| [20131 |2015ajc| from Fermi data. Since the 
time-resolved analysis of BAT SE data is consistent with 
the new paradigm proposed in [Guiriec et al.j ([2015a[) , we 

L scenario later on. 

T 2 I show the reconstructed photon 


focussed on the Cnxh+Cxh+R 
Figures [Tol 


to 


light curves in various energy bands resulting from the 
time-resolved spectral analysis using CnXh+Cxh+PL for 
GRBs 941017, 970111 and 990123. The energy light 
curves between 20 keV and 2 MeV as well as the rel¬ 
ative contribution of each component to the total energy 
are presented in Figure [TSj 


The GnXh Component 


Overall, Cnxh overpowers the other components in the 
BATSE energy range from 20 keV to 2 MeV for the 
three GRBs (see Figures 10|to[l^. Its contribution is 


usually higher than 50% oTthe total energy released be¬ 
tween 20 keV and 2 MeV during the most intense part 
of the prompt emission (see Figure 13). The hardness 


of GnXh strongly evolves with time omring each burst; 
indeed, EpJ^ ■ can vary from tens of keV up to several 
MeV in only a few seconds (see panels (d) of Figures 

tojT0|. 

T he light curves of the CnXh component usually exhibit 
multiple intensity peaks whose hardness is correlated to 
the flux; this is clearly evident with the EpJ^ • values 
tracking the photon fluxes as shown in panels (b) of Fig¬ 
ures to The correlation between the energy flux 
of GnXh, F[^, and EpJ^^ ■ will be studied in detail in 
Section 14.41 


The Cxh Component 

The contribution of the Cxh component to the total 
energy between 20 keV and 2 MeV is globally <20% 
of the total emission during most of the burst dura¬ 
tion, which is consistent with the results reported from 
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Fig. 13.— Energy flux evolution between 20 keV and 2 MeV for GRB 941017 (al), GRB 970111 (bl) and GRB 990123 (cl) in the context 
of the GnTh+CTh+PL model. Panels (a2), (b2) and (c2) of each flgure show the contribution of each component to the total energy flux 
of GRBs 941017, 970111 and 990123, respectively. For clarity, no uncertainty is displayed for the total energy flux (black line). Because of 
its narrow spectral shape (i.e., Planck function), the contribution of Gth fo the total 20 keV-2 MeV energy flux is very limi ted; ho weve r, 
it has an important relative contribution to the total emission at the Gth spectral peak around 100-200 keV (see Figure [A^ to [A^ of 
Appendix [b}. 


Eermi data in|Gmriec et al.| (|2013| |2015a|c|). Cxh is usu¬ 
ally more intense at early times. The temperature of 
Cxh—approximated with ■ for an easier compari¬ 

son with EpJ^ ■—does not vary over the same amplitude 
as EpJ^^ • (see panels (b) of Eigures 


10 


to 


12 


); indeed, 
20 and 


kTi varies between ^30 and ^80 keV, between 
^140 keV and between ^40 and ^110 keV for GRBs 
941017, 970111 and 990123, respectively (see panels (e) 
of Eigures to 1^. Although a limited correlation may 
exist between the flux of Gxh and its temperature, kTi re¬ 
mains more or less constant with time for GRBs 941017 
and 990123; this result is similar to the one reported 
from the observations of GRBs 080916G and 090926A in 


Guiriec et al. (2015a). 

4'he behavior of GRB 970111 is peculiar compared to 
the two other GRBs of this stud y but very similar t o 
Eermi GRB 131014A published in Guiriec et al. (2015c). 
Indeed, GRB 970111 exhibits a initial nearly purely ther- 
mal episodj^ —despite the presence of the additional PL 
at early times—with a monotonic cooling from ^120 keV 
down to ^45 keV during the first five seconds of the burst 
(see Eigures 1^ andpTjp). After ^To+5 s, kTi continues 
to cool slowly from ^45 down to ^25 keV during the 
remaining ^40 s of the studied emission period although 
there is very slight reheating consistent with the light 
curve peaks of the thermal-like component. 

Despite some similarities in the light curve structures, 
there is no evidence for a perfect correlation either be¬ 
tween the flux variations of Gnxh und Gxh uor between 


This is is consistent with |Ryde| (|2004|) that reported a pure 
BB spectrum at early times for (JRB 97UTT1. 


the variations of EpJ^^ ■ and Ep^^^j^ • (see panels (d) of 

to [T 2 I) . It 


Eigures to and panels (b) of Eigures 10 
is particularly striking that while EpJ^ ■ is usually much 
higher than Ep^^^j^ • at early times for all three GRBs, its 
values drop below Ep^^^j^ • at late times. 

The Additional PL Gomponent 

The overall contribution of the additional PL to the 
total energy between 20 keV and 2 MeV is roughly few 
tens of percents although it can be >70% at early and 
late times (see Eigure 13). 

It has been reported many times from Eermi data that 
the additional PL usually extends from a few keV up 
to tens to hundreds of MeV and maybe even up to 
GeVs; the additional PL usually overpowers GnXh be¬ 


lo w few tens of keV and above several MeVs (|Abdo et 
ar]|20Q9bl Ackermann et al.||2010j |2011 1 | Guiriec et al. 
201 lal |2015ap. Because of the limited i 

' t ^ * f I u rA —^ -' -1-1... 1 . ,1 -1 


energy range of 
BAT'b^E, the additional PL is mostly subdominant com¬ 
pared to GnXh over the whole observed energy band, and 
it only starts to be the dominant comp onen t a t th e very 
high-end of the spectrum (see Eigures [A4| to Al¬ 

though GnXh clearly outshines the additional PL below 
20 keV in GRB 970111 (see Eigure [TTI), there is evidence 
for an extension of the additional PL at low and high 
energies with a flux higher than in the other components 
in GRBs 941017 and 990123 (see Eigures pR| and 12). Eor 
a better comparison to the Eermi data, we extrapolated 
the GnXh+Cxh+PL model derived from the 20 keV to 
2 MeV BATSE data down to 5 keV—to mimic the low 
end of the energy range of the GBM Nal detectors—and 
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beyond 2 MeV—to mimic the high energy coverage of 
GBM BGO detectors up to 40 MeV as well as the 20 
to 100 MeV energy range of the Fermz/Large Area Tele¬ 
scope (LAT). If Fermi had observed GRBs 941017 and 
GRB990123—without considering the instrumental sen¬ 
sitivities nor possibl e <100 MeV breaks in t he additional 
PL as suggested in Guiriec et ah (2015a)—, it would 
have detected an additional PL outshining the other com¬ 
ponents at low and high energies similarly to the other 
bursts with additional PL detected by Fermi: 

• If observed with Fermi, the additional PL in GRB 
941017 would correspond to a broad pulse in the 
light curves with a fast rise and exponential decay 
type shape (see Figure 10); despite the similarities 
in the timing of the most intense part of the addi¬ 
tional PL with the other components, their evolu¬ 
tion with time are quite different. The additional 
PL emission would be the most intense between 
^To+10 s and ^To+30 s, then the emission would 
quickly decay but it would remain present until at 
least To+lOO s; this is in perfect agreement with 
the > 1 MeV light curves of the data from the Total 
Absorption Shower Counter (TASC), which is the 
calorimeter of the Energetic Gamma-Ray Experi¬ 
ment Telescope (EG RET) on board CGRO , pre¬ 


sented in Eigure 1 in Gonzalez et ah (2003). The 


broad shape of the additional PL light curve is sim- 
ilar to the one repor ted for Fermi GRB 090902B in 


Abdo et al. (2009b). 


• The case of GRB 990123 is particularly i nterest¬ 
ing w i th resp ect to the additional PL. In [Gniriec 


et al. (2015a) we reported that the additional PLs 
identified m. Fermi GRBs 080916C and 090926A, 
were, overall, low intensity components that some¬ 
times strongly outshine the other ones during short 
periods of time of the order of a few seconds— 
short duration excesses associat ed with the addi¬ 
tional PL were also reported in lAckermann et al. 


(1201 1|) and Gonzalez et al. 
mm6A and BATSE GRJJ 


(|2012TT 

™ 23 . 


for Fermi GRB 

The same be¬ 


havior is observed in GRB 990123 (see Eigure 12). 
Indeed, if Fermi had observed this GRB, it would 
have detected a strong intensity peak at low ener¬ 
gies below ^10 keV around To+40 s and lasting 
^5 s perfectly correlated in time with an intense 
peak in the light curve above a few MeV. As shown 
in Eigure this intensity peak in the light curves 
would be mostly related to the additional PL. How¬ 
ever, the contribution of the additional PL would 
be mostly hidden by the intense CnXh component 
between a few tens of keV and seve ral MeV as in 
GRB 080916C ( |Guiriec et aL]|2015a ). 


4.4. ; and relations, and 

distanee estimates 
The Ef^^-E;;Th ,i Relation 

When fitting the y-ray prompt emission of both short 
and long GRBs to a Band function, a correlation is often 
observed between the evolution of the y-ray energy flux, 
PP^^^, and the evolution of the corresponding E^l^jp- 
within each burst (i.e., Pb^^^-EPl^jp. relation - see for 
instance Golenetskii et al.|1983| Borgonovo fc Ryde|2QQl 


Liang et al. 

et al.j2011a| 

)all 


20041 IGuiriec et al.||2QlQ[ |2Q15a Ghirlanda 


Lu et al.||2012p . Although this correlation 


globally follows a PL, there is often large scatter in the 
data of each burst and the PL indices can be dramat¬ 
ically different from burst to burst. More importantly, 
there are many bursts that do not exhibit this correla¬ 
tion.^ _ 

In IGuiriec et al.| (|2013l |2015a|c|) we introduced a new 
relation between the y-ray energy flux and the spec¬ 
tral hardness. Indeed, by isolating the non-thermal 
component of the spectra from the thermal-like one— 
in fitting CnTh+Cxh or CnXh+Cxh+PL to the data—we 
showed that a very strong correlation, intrinsic to the 
non-thermal component only, appears between the evo¬ 
lution of its energy flux, Ef^^, and the evolution of its 
7 -ray spectral peak, ^ (i.e., Fp*'- j re- 

lation). Conversely to the EP^^^-E^g^jp- relations, the 
EnXh_ ■ relations have extremely similar indices for 
all GRBs when fitted to PLs. 

Moreover, in the central engine frame, the EP^^- 

RpJak,i relations translate into 
relation- 


-with the 


a unique 
index as the 


T nXh -pnXh,rest 
%eak,i 

same index as tne Ef• 
relation—th at seems to be uni versal for all short and 
long GRBs ( Guiriec et al.||^13 , 


^_ |2Q15a|c ). 

The panels (f) of Eigures^jTjto ^ show the EP^^'^-Epi^jp- 
and Ep^^- Epjpj^ ■ relations for the Band, Cnxh+Cxh and 
CnXh+Cxh+PL mode ls. As already reported in |Guiri^ 


et al. 


~] (|2013| |2015a|c|) for other GRBs, the energy hux 
"Enpak values are tvpicallv anti-correlated at verv 


and Epeak values are typically anti-correlated at very 
early times in the burst, which also usually corresponds 
to the highest values of Epeak- The indices of the 
PLs fitted to these relations—after excluding the anti¬ 
correlated early phase—are reported in Table^ Apart 
from GRB 970111, the indices of the PP^^^-E^^jp- rela¬ 
tions are inconsistent with the Ep^^- Epjpj^ ■ ones; the in¬ 
dices of the PP^^^-Epi^jp. relations are also dramatically 
different from one burst to the other (i.e., from +1.4 to 
+3.2). Conversely, the indices of the Ef^^- Ep• re¬ 
lations are all clustered with the CnXh+Cxh+PL model 
(between +1.3 and +1.5 - see Eigure p^); these values 
are perfectly consistent with the indices o f +1.33+0.06, 
+1.38+0.04 an d +1.43+0.03 reported in |Guiriec et al. 
(2013 2015a|c ), respectively. 
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Redshift (z) Redshift (z) 

Fig. 14. — (a) Energy flux of CnTh between 20 keV and 2 MeV, as a function of the spectral peak of CnTh? •, resulting 

from the CnTh+CTh+PL fits to the fine time intervals of GRBs 941017, 970111 and 990123 (i.e., i relation), (b) Luminosity of 

CnTh, as a function of the uFi, spectral peak of CnTh in the rest frame, resulting from the CnTh+CTh+PL fits to the fine 

time intervals of GRBs 941017, 970111 and 990123 (i.e., relation). The measured redshift z=1.61 is used for GRB 990123, 

while the redshift estimates z=1.79 and z=1.18 —using GRB 990123 as a reference for the redshift estimates—are used for GRBs 941017 
and 970111, respectively. The color dashed lines correspond to the PL fits to the relations of each GRB, and the solid 

black line corresponds to the PL fit to the data of the three GRBs simultaneously, (c & d) profiles resulting from the redshift estimates 
of GRBs 941017 (z=1.79±0.07) and 970111 (z=1.18±0.06) using GRB 990123 —with z=1.6 —as a reference. 


TABLE 2 

Power-law indices of the or . 

RELATIONS OBTAINED WHEN FITTING BAND-ONLY OR CnTh + CTh 
OR CnTh + CTh + PL TO THE TIME-RESOLVED SPECTRA OF 

GRBs 941017, 970111 and 990123 (see Section [4^. 



TrBand Tj^Ban 
“^peal 
Band 

or 

<,i 1 p 

CnTh+CTh 

^ FVi 

eak i PL-indices for 

CnTh+CTh+PL 

GRB 941017 

GRB 970111 

GRB 990123 

+ 3.07±0.12 
+ 1.43±0.04 
+ 2.68±0.09 

+ 1.35±0.06 
+ 1.61±0.32 
+ 1.72±0.09 

+ 1.40±0.10 
+ 1.33±0.23 
+ 1.28±0.05 


Redshift Estimates Using the Relation 

In our three BATSE-burst sample, GRB 990123 has 
an accurate redshift measurement of z^l.61. There 
are no redshift measurements available for GRB 941017 
and GRB 970111, although host galaxies possibly as¬ 
sociated to GRB 970111 resulted in a initial redshift 


range of 0.2<z<1.4 (Gorosabel et ah 1998). Assum¬ 


ing that the Ej 


peak,i 


relation is universal—as 


suggested in Guiriec et ah (2013, 2015a)—, we esti¬ 
mated the distance of GRBs 941017 and 970111 using 
GRB 990123 as the reference; the rela¬ 

tion for GRB 990123 is displayed in Eigure[l4|3 (dashed 
blue line). We varied the redshift to determine the values 
that minimize the distances between the dashed blue line 
and the data of GRBs 941017 and 970111. To do so, we 
performed a linear fit in the log-log space to account for 
the uncertainties on both the and quanti¬ 

ties; the resulting profiles are displayed in panels (c) 
and (d) of Eigure [Ml for GRBs 941017 and 970111, re¬ 
spectively. The reoihift estimates using this technique 
are reported in Table Interestingly, the distance esti¬ 
mate for GRB 970111 (i.e., z=1.18±0.06) is compatible 
with the redshifts of the galaxies (i.e., 0.2<z<1.4) idem 
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tified as possible hosts for this burst in |Gorosabel et ^ 


(1998); however, this result should not be interpreted as 
a proof of the technique nor as a proof that the host 
galaxy is one of the objects identified between z=0.2 and 
z=1.4 since it may be a coincidence. The redshift es¬ 
timate for GRB 941017 (i.e., z=1.79T Q.Q7) is a typical 


value for a long GRB (i.e., <z>^2.16 - Jakobsson et al 


2Q12D . 

Figure [ll shows the relations for 

the three D^ursts using the redshift measurement for 
GRB 990123 and the redshift estimates for the two other 
bursts. The PL fits to each burst are displayed in dashed 
color lines. The solid black line is the fit to the whole 
data together, and it results in a PL index of -1-1.31T0.03, 
w hich is in perfect agreement w ith the results published 


Guiriec et al. (2013, 2015a|c ) using Fermi data. 


TABLE 3 

Measured and estimated redshifts (z) for 
GRBs 941017, 97011 and 990123 using GRB 990123 with 
Z=1.61 AS A REFERENCE (SEE SECTION |4.4[) . 



Measured z 

z estimates 

GRB 941017 
GRB 970111 
GRB 990123 

0 . 2 <z<l.^ 

-1.61 

1.79T0.07 

1.18T0.06 


^This photometric redshift esti mate, based on possib le host- 
galaxy identifications reported in |Gorosabel et al.| (|1998|) , is not 
secure because fainter objects are present m tins region ot the sky 
and one of them may be the actual host galaxy of GRB 970111. 


5. GONGLUSION 


In this article we tested t he new paradigm for GRB 


prompt emission proposed in Guiriec et al. (|2011a| 2013 
2Q15a|c ) to three bright and famous BAT'SE GRBs; ac¬ 


cording to this new model, GRB prompt emission is com¬ 
posed of three main components: (i) a thermal-like com¬ 
ponent, Gxh, that we interpret as emission from the jet 
photosphere, (ii) a non-thermal component, GnXh, inter¬ 
preted as synchrotron emission from charged particles 
propagating and accelerated within the GRB jet, and 
(iii) a second non-thermal component adequately fitted 
to a PL with or without cutoff, which extends from below 
few tens of keV up to tens or hundreds of MeV, and most 
likely of inverse Gompton origin. The three components 
are not systematically present or detectable in all GRBs, 
especially the second non-thermal component, which is 
clearly identified only in a limited number of GRBs. 

This new model is perfectly consistent with the prompt 
emission data of GRBs 941017, 970111 and 990123 
recorded with BATSE. We identified the signature of the 
three components in the time-integrated spectra of the 
three bursts and followed their evolution through fine 
time-resolved analysis. The results are similar to those 
reported from Fermi GRBs: 


• Cnxh is the most intense component from 20 keV to 
2 MeV and accounts for >50-60% of the total col¬ 
lected energy in this energy range. The peak 
energy of GnXh, EpJ^^-, exhibits strong variations 
perfectly correlated with the energy flux variations 
of this component, Ff^^ (i.e., Ff^^-EpJ^^ • rela¬ 
tion). 


• The Cxh contribution to the total energy between 
20 keV and 2 MeV is usually <20%. Gxh is present 
from the beginning of the burst and its intensity 
globally decreases with time. The temperature of 
Gxh is either globally constant during the whole 
burst duration (i.e., GRBs 941017 and 990123) or 
it globally decreases with time with a strong cooling 
phase during the first seconds (i.e., GRB 970111). 
In GRB 970111, Cxh contributes for >70% of the 
total energy during an initial nearly purely thermal 
episode lasting for a few seconds sim ilarly to Fermi 
GRB 131014A ( Guiriec et al.||2015c ). 


• The flux of the additional PL is very significant 
for GRBs 941017 and 990123, but only marginal 
for GRB 970111. This component is present from 
the very beginning to the very end of the burst, 
and contributes to <30% of the total energy be¬ 
tween 20 keV and 2 MeV. Extrapolation of the 
CnTh+Cxh+PL model over a broader energy range 
covered by Fermi (i.e., 5 keV to 100 MeV) shows 
that the PL would overpower the other compo¬ 
nents below a few tens of keV and above a few 
MeV; this is striking for GRB 941017. In addi¬ 
tion, for GRB 990123, intense and short duration 
light-curve structures associated to the additional 
PL would be present in the low and high energy 
bands (<10 keV and >20 MeV, respectively) and 
perfectly corr elated in time such as reported for 
Fermi GRBs ( Guiriec et al.||201^ . 


The relative contribution of each component to the to¬ 
tal energy strongly evolves with time showing that there 
is no perfect correlation between the three components. 
There is also no clear correlation between Ep^^^j^ ■ and 

pnTh 

peak,i' 

The PL indices of the Ef^^-EpJ^ ■ relations are very 
similar for the three GRBs (i.e., ^1.3-1.4) and they are 
al so similar to the values repo rted from Fermi GRBs 

( [M^[M5ip . 


Guiriec et al. 


Assuming that the relation is universal 


as suggested in Guiriec et al. (2013 2015a), and using 
GRB 990123—which has a measured redshift z^l.61— 
as reference, we estimated the redshift of GRBs 970111 
and 941017 to be z=1.18±0.06 and z=1.79±0.07, respec¬ 
tively. The redshift estimate for GRB 970111 is compati¬ 
ble with the redshifts o f the galaxies identified as possible 
hosts in (0.2<z<1.4 - Gorosabel et al. 1998); however, 
the actual host may be a fainter galaxy not yet identi¬ 
fied. Despite the lack of constraints for the distance of 
GRB 941017, the redshift estimate for this burst has a 
value perfectly typical for long GRBs. 
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APPENDIX 

SPECTRAL ANALYSIS RESULTS 


The values of the s pect ral para meters resulting from the fine-t i me a nalysis of GRBs 941017, 970111 and 990123 as 
presented in Sections 4.2 and 4.3 are reported in Tables Al, A2 fc |A3[ respectively. 


FINE TIME-RESOLVED ANALYSIS 


Figure [AB and |A^ show the results of the fine time-resolved analysis of GRB 9410 17 w ith a Band function alone and 


4.2 


1 with a Band function alone and 


the CnTh+Cxh o r th e CnTh+Cxh+PL models, respectively, as presented in Section 
Figure [A3| and |A4| show the results of the fine time-resolved analysis of G RB 9701; 
the Cnxh +G xh o r th e CnXh+Cxh+PL models as presented in Section [T^ 

Figure [A5| and [A6] show the results of the fine time-resolved analysis of G RB 990123 with a Band function alone and 
the CnXh+Gxh or the CnXh+Cxh+PL models as presented in Section |4^ 
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ro+88.064s to T„+110.590s 


10 -^^ 


■ GRB 941017 (Band) 

. GRB 941017(0^) 







Tn+114.690s to V200.700S 


10'^^ r 


• GRB 941017 (Band) 
.GRB 941017 (C +0^^) 


10 ^ 


Energy (keV) 


Energy (keV) 


Energy (keV) 


Fig. Al.— GRB 941017 : spectra resulting from the fine-time analysis presented in Section |4.2| The solid yellow and black lines 

correspond to the best Band-only and CnTh+CTh fits, respectively. The dashed yellow and black lines correspond to the 1-cr confidence 
regions of the Band-only and CnTh+CTh fits, respectively. The solid blue and red lines correspond to CnTh cind Cth resulting from the 
best CnTh+CTh fits (i.c., solid black line) to the data, respectively. 
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Fig. A2.— GRB 970111 : spectra resulting from the fine-time analysis presented in Section |4.2| The solid yellow and black lines 

correspond to the best Band-only and CnTh+CTh fits, respectively. The dashed yellow and black lines correspond to the l-cr confidence 
regions of the Band-only and CnTh+CTh fils, respectively. The solid blue and red lines correspond to CnTh and Cth resulting from the 
best CnTh+CTh fits (i.c., solid black line) to the data, respectively. 







vFv ( erg^.cnr^.s'lkeV^) vF^ ( erg .cm^.s IkeV ) ^ vF^ ( erg^.cm ^.s ^keV^) vF^ ( erg .crr^^.s IkeV ) ^ vF^ ( erg^.cm ^.s lkeV^) 
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Fig. A3.— GRB 990123 : spectra resulting from the fine-time analysis presented in Section |4.2| The solid yellow and black lines 

correspond to the best Band-only and CnTh+CTh fits, respectively. The dashed yellow and black lines correspond to the l-cr confidence 
regions of the Band-only and CnTh+CTh fits, respectively. The solid blue and red lines correspond to CnTh and Cth resulting from the 
best CnTh+CTh fits (i.c., solid black line) to the data, respectively. 
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V55.296S to V61.440s - ^ 

- ° _ GRB 941017 (C^^+Cth+PL)- 
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Fig. A4.— GRB 941017 : spectra resulting from the fine-time analysis presented in Section |4.2| The solid yellow and black 

lines correspond to the best Band-only and CnTh+CTh+PL fits, respectively. The dashed yellow and black lines correspond to the 1-cr 
confidence regions of the Band-only and CnTh+CTh+PL fits, respectively. The solid blue, red and green lines correspond to CnTh? Cth 
and the additional PL resulting from the best CnTh+CTh+PL fits (i.e., solid black line) to the data, respectively. 
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Fig. A5.— GRB 970111 : spectra resulting from the fine-time analysis presented in Section |4.2| The solid yellow and black 

lines correspond to the best Band-only and CnTh+CTh+PL fits, respectively. The dashed yellow and black lines correspond to the 1-cr 
confidence regions of the Band-only and CnTh+CTh+PL fits, respectively. The solid blue, red and green lines correspond to CnTh? Cth 
and the additional PL resulting from the best CnTh+CTh+PL fits (i.e., solid black line) to the data, respectively. 
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Energy (keV) 

Fig. A6.— GRB 990123 : spectra resulting from the fine-time analysis presented in Section |4.2| The solid yellow and black 

lines correspond to the best Band-only and CnTh+CTh+PL fits, respectively. The dashed yellow and black lines correspond to the 1-cr 
confidence regions of the Band-only and CnTh+CTh+PL fits, respectively. The solid blue, red and green lines correspond to CnTh? Cth 
and the additional PL resulting from the best CnTh+CTh+PL fits (i.e., solid black line) to the data, respectively. 
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TABLE A1 

Model parameter values resulting from the fine-time spectral ana lysis of GRB 941017 with their 1-cr uncertainties as 

PRESENTED IN SECTION O 


Time from Tq 

Models 

Base Component 

Additional Components 

Cstat / dof 



CPL or Band 

BB 

PL 


"^start 

(s) 

"^stop 

(s) 

Parameters 

Ppeak 

(keV) 

ot 


kT 

(keV) 

cx 


-4.096 

+ 8.192 

Band 

456±62 

-0.76±0.09 

-2.84±1.04 



20.7/9 



C’nTh+C’Th 

669±224 

-1.02±0.21 

- 

58±13 

- 

18.7/8 



CnTh+CTh+PL 

488±69 

-0.7 (fix) 

- 

52±10 

-1.5 (fix) 

19.0/8 

-K8.192 

+ 12.288 

Band 

422±29 

-0.55±0.05 

-1.93±0.06 

- 

- 

16.0/9 



C’nTh+C’Th 

1391±272 

-1.08±0.06 

- 

62±4 

- 

5.5/8 



CnTh+CTh+PL 

929±102 

-0.7 (fix) 

- 

59±3 

-1.5 (fix) 

5.7/8 

+ 12.288 

+ 16.384 

Band 

411±18 

-0.53±0.04 

-2.07±0.05 

- 

- 

15.6/9 



CnTh+CTh 

1212±161 

-1.09±0.05 

- 

64±2 

- 

14.6/8 



CnTh+CTh+PL 

755±48 

-0.7 (fix) 

- 

61±2 

-1.5 (fix) 

13.8/8 

+ 16.384 

+ 22.528 

Band 

364±8 

-0.56±0.02 

-2.35±0.05 

- 

- 

50.6/9 



CnTh+CTh 

783±52 

-1.10±0.04 

- 

60±1 

- 

17.6/8 



CnTh+CTh+PL 

477±13 

-0.7 (fix) 

- 

58±2 

-1.5 (fix) 

14.9/8 

+ 22.528 

+ 24.576 

Band 

318±14 

-0.49±0.05 

-2.41±0.10 

- 

- 

26.5/9 



CnTh+CTh 

722±113 

-1.16±0.08 

- 

57±2 

- 

10.9/8 



CnTh+CTh+PL 

412±26 

-0.7 (fix) 

- 

55±4 

-1.5 (fix) 

15.5/8 

+ 24.576 

+ 26.624 

Band 

412±18 

-0.50±0.04 

-2.43±0.10 

- 

- 

21.4/9 



CnTh+CTh 

930±145 

-1.12±0.07 

- 

71±2 

- 

6.4/8 



CnTh+CTh+PL 

547±34 

-0.7 (fix) 

- 

70±3 

-1.5 (fix) 

5.8/8 

+ 26.624 

+ 28.672 

Band 

350±15 

-0.44±0.04 

-2.50±0.11 

- 

- 

39.1/9 



CnTh+CTh 

859±161 

-1.18±0.08 

- 

64±2 

- 

12.1/8 



CnTh+CTh+PL 

463±34 

-0.7 (fix) 

- 

62±3 

-1.5 (fix) 

15.6/8 

+ 28.672 

+ 30.720 

Band 

330±9 

-0.42±0.03 

-2.43±0.07 

- 

- 

40.6/9 



CnTh+CTh 

772±78 

-1.11±0.05 

- 

59±2 

- 

17.7/8 



CnTh+CTh+PL 

469±21 

-0.7 (fix) 

- 

58±2 

-1.5 (fix) 

13.6/8 

+ 30.720 

+ 32.768 

Band 

325±14 

-0.46±0.05 

-2.38±0.09 

- 

- 

21.4/9 



CnTh+CTh 

832±142 

-1.17±0.08 

- 

58±2 

- 

8.7/8 



CnTh+CTh+PL 

447±32 

-0.7 (fix) 

- 

57±3 

-1.5 (fix) 

6.7/8 

+ 32.768 

+ 36.864 

Band 

280±9 

-0.68±0.03 

-2.49±0.08 

- 

- 

26.0/9 



CnTh+CTh 

614±76 

-1.31±0.06 

- 

51±2 

- 

11.8/8 



CnTh+CTh+PL 

279±15 

-0.7 (fix) 

- 

53±5 

-1.5 (fix) 

11.7/8 

+ 36.864 

+43.008 

Band 

193±9 

-0.96±0.06 

-2.48±0.11 

- 

- 

19.9/9 



CnTh+CTh 

537±177 

-1.69±0.08 

- 

41±2 

- 

11.3/8 



CnTh+CTh+PL 

99±20 

-0.7 (fix) 

- 

61±6 

-1.5 (fix) 

7.7/8 

+ 43.008 

+45.056 

Band 

174±35 

-1.18±0.20 

-2.34±0.32 

- 

- 

8.4/9 



CnTh+CTh 

5124±3000 

-1.88±0.17 

- 

39±5 

- 

8.2/8 



CnTh+CTh+PL 

53±23 

-0.7 (fix) 

- 

48±9 

-1.5 (fix) 

5.2/8 

+ 45.056 

+49.152 

Band 

274±18 

-0.85±0.06 

-2.55±0.21 

- 

- 

16.3/9 



CnTh+CTh 

485±101 

-1.33±0.12 

- 

48±3 

- 

8.7/8 



CnTh+CTh+PL 

253±18 

-0.7 (fix) 

- 

45±4 

-1.5 (fix) 

7.8/8 

+ 49.152 

+ 53.248 

Band 

176±24 

-1.21±0.14 

-2.38±0.25 

- 

- 

25.0/9 



CnTh+CTh 

7679±5000 

-1.95±0.14 

- 

42±3 

- 

14.5/8 



CnTh+CTh+PL 

31±7 

-0.7 (fix) 

- 

40±3 

-1.5 (fix) 

11.6/8 

+ 53.248 

+ 55.296 

Band 

224±12 

-0.96±0.07 

<-5 

- 

- 

13.5/9 



CnTh+CTh 

215±49 

-1.48±0.26 

- 

53±6 

- 

8.0/8 



CnTh+CTh+PL 

78±18 

-0.7 (fix) 

- 

64±7 

-1.5 (fix) 

7.8/8 

+ 55.296 

+ 61.440 

Band 

187±16 

-1.06±0.09 

-2.51±0.23 

- 

- 

17.6/9 



CnTh+CTh 

818±500 

-1.81±0.12 

- 

40±3 

- 

12.7/8 



CnTh+CTh+PL 

67±19 

-0.7 (fix) 

- 

52±6 

-1.5 (fix) 

12.3/8 

+ 61.440 

+ 63.488 

Band 

310±17 

-0.76±0.06 

<-5 

- 

- 

12.7/9 



CnTh+CTh 

410±95 

-1.14±0.21 

- 

53±6 

- 

8.2/8 



CnTh+CTh+PL 

297±26 

-0.7 (fix) 

- 

47±10 

-1.5 (fix) 

6.9/8 

+ 63.488 

+ 65.536 

Band 

124±29 

-0.97±0.49 

-2.50±0.52 

- 

- 

11.2/9 



CnTh+CTh 

717±600 

-2.26±0.30 

- 

35ib5 

- 

3.7/8 



CnTh+CTh+PL 


-0.7 (fix) 

- 

30±4 

-1.5 (fix) 

5.0/8 

+ 65.536 

+ 67.584 

Band 

306±13 

-0.53±0.05 

-3.00±0.30 

- 

- 

20.4/9 



CnTh+CTh 

451±63 

-1.06±0.13 

- 

57±3 

- 

13.2/8 



CnTh+CTh+PL 

332±24 

-0.7 (fix) 


58±7 

-1.5 (fix) 

13.0/8 
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-1-71.680 

Band 

276±12 

-0.68±0.05 


CnTh+^Th 

461±73 

-1.25±0.11 


CnTh+CTh+PL 

269±22 

-0.7 (fix) 

+ 77.S2A 

Band 

177±8 

-1.13±0.07 


CnTh + C^Th 

177±8 

-1.13±0.07 


CnTh+CTh+PL 

90±15 

-0.7 (fix) 

-K83.968 

Band 

137±7 

-1.24±0.09 


CnTh+CTh 

137±7 

-1.24±0.09 


CnTh+CTh+PL 

98±20 

-0.7 (fix) 

-K86.016 

Band 

175±13 

-0.84±0.12 


‘^nTh + C^Th 

233±65 

-1.54±0.29 


CnTh+^Th+PP 

76±31 

-0.7 (fix) 

-K88.064 

Band 

119±13 

-0.81±0.30 


‘^nTh + C^Th 

130±9 

-1.01±0.18 


CnTh+^Th+PP 

104±33 

-0.7 (fix) 

-1-110.590 

Band 

46±42 

of. + 0.23 

-1.86_o 13 


CnTh+CTh 

16±5 

-1.83±0.06 


CnTh+CTh+PL 

32±10 

-0.7 (fix) 

-K114.690 

Band 

116±23 

-1.12±0.37 


CnTh+CTh 

137±15 

-1.36±0.17 


CnTh+CTh+PL 

42±15 

-0.7 (fix) 

-1-200.700 

Band 

91±22 

-0.80±0.89 


‘^nTh + C^Th 

109±13 

-1.27±0.30 


CnTh+CTh+PP 

109±13 

-1.27±0.30 


52±3 

55±10 


10±2 

70±11 


10±2 

64±15 


40±4 

53±8 


10±2 

79±15 


51±17 

43±15 


10±2 

36±10 


10±2 

10±2 


-1.5 (fix) 


-1.5 (fix) 


-1.5 (fix) 


-1.5 (fix) 


-1.5 (fix) 


-1.5 (fix) 


-1.5 (fix) 
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TABLE A2 

Model parameter values resulting from the fine-time spectral ana lysis of GRB 970111 with their 1-cr uncertainties as 

PRESENTED IN SECTION O 


Time from Tq 

Models 

Base Component 

Additional Components 

Cstat/dof 



CPL or Band 

BB 

PL 


"^start 

(s) 

"^stop 

(s) 

Parameters 

Ppeak 

(keV) 

cx 

/3 

kT 

(keV) 

CX 


-2.034 

-0.256 

Band 

715±403 

-0.47±0.49 

<-5 



13.0/9 



C’nTh+CTh 

903±369 

-0.7 (fix) 

- 

20±2 

- 

12.0/9 



CnTh+CTh+PL 

- 

- 

- 

118±34 

-1.5 (fix) 

12.6/10 

-0.256 

-K1.792 

Band 

263±12 

-K1.09±0.17 

-2.87±0.26 

- 

- 

7.6/9 



C’nTh+CTh 

1019±391 

-0.7 (fix) 

- 

65±2 

- 

7.7/9 



CnTh+CTh+PL 

- 

- 

- 

67±2 

-1.5 (fix) 

12.6/10 

-K1.792 

-K3.840 

Band 

201±5 

-K1.36±0.16 

-3.94±0.61 

- 

- 

11.3/9 



CnTh+CTh 

2565±400 

-0.7 (fix) 

- 

51±1 

- 

9.8/9 



CnTh+CTh+PL 

- 

- 

- 

51±1 

-1.5 (fix) 

12.7/10 

-K3.840 

-1-5.888 

Band 

177±4 

-K1.20±0.14 

-3.52±0.30 

_ 

_ 

11.4/9 



C^nTh+^Th 

540±237 

-0.19±0.92 

- 

43±2 

- 

10.4/8 



CnTh+CTh+PP 

635±269 

-0.7 (fix) 

- 

44±1 

- 

11.1/9 

-1-5.888 

-1-7.936 

Band 

213±3 

-K0.47±0.06 

-5.22±1.68 

_ 

_ 

2.5/9 



CnTh+CTh 

228±23 

-K0.08±0.43 

- 

49±4 

- 

2.5/8 



CnTh+CTh+PP 

277±26 

-0.7 (fix) 

- 

50±1 

- 

6.3/9 

-1-7.936 

-K9.984 

Band 

206±3 

-|-0.15±0.05 

<-5 

- 

- 

12.7/9 



C’nTh+CTh 

215±15 

-0.22±0.30 

- 

48±4 

- 

10.9/8 



CnTh+CTh+PL 

236±16 

-0.7 (fix) 

- 

48±2 

- 

14.0/9 

-K9.984 

-^12.032 

Band 

154±2 

-0.29±0.06 

<-5 

- 

- 

14.5/9 



C’nTh+CTh 

153±9 

-0.64±0.32 

- 

39±4 

- 

13.2/8 



CnTh+CTh+PL 

153±9 

-0.7 (fix) 

- 

39±3 

- 

13.2/9 

-1-12.032 

-K14.080 

Band 

134±3 

-0.59±0.08 

-3.75±0.53 

- 

- 

12.5/9 



CnTh+CTh 

131±11 

-1.18±0.31 

- 

36±3 

- 

10.8/8 



CnTh+CTh+PL 

117±23 

-0.7 (fix) 

- 

45±8 

-1.5 (fix) 

10.8/8 

-K14.080 

-K16.128 

Band 

151±2 

-0.45±0.05 

<-5 

_ 

_ 

14.3/9 



CnTh+CTh 

150±8 

-0.95±0.24 

- 

38±2 

- 

9.2/8 



CnTh+CTh+PL 

150±9 

-0.7 (fix) 

- 

39±5 

-1.5 (fix) 

10.6/8 

-1-16.128 

-K18.176 

Band 

177±2 

-0.41±0.03 

<-5 

_ 

_ 

13.2/9 



CnTh+CTh 

166±9 

-0.68±0.16 

- 

50±6 

- 

4.9/8 



CnTh+CTh+PL 

166±9 

-0.7 (fix) 

- 

49±4 

- 

4.9/8 

-1-18.176 

-^20.224 

Band 

159±2 

-0.58±0.04 

<-5 

- 

- 

15.8/9 



CnTh+CTh 

144±9 

-0.95±0.18 

- 

46±4 

- 

5.1/8 



CnTh+CTh+PL 

123±21 

-0.7 (fix) 

- 

55±2 

-1.5 (fix) 

6.4/8 

-1-20.224 

-^22.272 

Band 

lOOitl 

-0.77±0.05 

<-5 

- 

- 

10.3/9 



CnTh+CTh 

100±17 

-0.77±0.20 

- 

45±10 

- 

10.4/8 



CnTh+CTh+PL 

77±12 

-0.7 (fix) 

- 

44±4 

-1.5 (fix) 

7.6/8 

-1-22.272 

-^24.320 

Band 

85±2 

-0.83±0.09 

<-5 

- 

- 

13.8/9 



CnTh+CTh 

67±45 

-0.75±0.83 

- 

41 ib6 

- 

12.7/8 



CnTh+CTh+PL 

63±15 

-0.7 (fix) 

- 

39±6 

-1.5 (fix) 

11.8/8 

-^24.320 

-K26.368 

Band 

72±2 

-0.90±0.13 

-3.93±0.54 

- 

_ 

16.8/9 



CnTh+CTh 

67±14 

-1.06±0.54 

- 

28±15 

- 

19.1/8 



CnTh+CTh+PL 

39±10 

-0.7 (fix) 

- 

30±3 

-1.5 (fix) 

15.8/8 

-K26.368 

-K30.464 

Band 

49±3 

-0.90±0.17 

<-5 

_ 

_ 

9.1/9 



CnTh+CTh 

46±30 

-0.79±1.00 

- 

31±18 

- 

9.0/8 



CnTh+CTh+PL 

45±10 

-0.7 (fix) 

- 

30±10 

- 

9.0/9 

-K30.464 

-K36.608 

Band 

65ib2 

-1.16±0.09 

-4.14±0.81 

- 

- 

6.8/9 



CnTh+CTh 

62±10 

-1.21±0.32 

- 

32±12 

- 

7.0/8 



CnTh+CTh+PL 

42±6 

-0.7 (fix) 

- 

33±3 

-1.5 (fix) 

6.2/8 

-K36.608 

-K40.704 

Band 

30±12 

-1.56±0.29 

-4.04±1.35 

- 

- 

12.2/9 



CnTh+CTh 

28±17 

-0.73±0.80 

- 

26±8 

- 

12.4/8 



CnTh+CTh+PL 

23±8 

-0.7 (fix) 

- 

22±3 

-1.5 (fix) 

7.0/8 

-K40.704 

-K46.848 

Band 

24±23 

-0.92±0.80 

<-5 

- 

- 

23.1/9 



CnTh+CTh 

24±20 

-0.92±0.80 

- 

26±8 

- 

20.0/8 



CnTh+CTh+PL 

26±3 

-0.7 (fix) 




21.8/8 
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TABLE A3 

Model parameter values resulting from the fine-time spectral ana lysis of GRB 990123 with their 1 -a uncertainties as 

PRESENTED IN SECTION O 


Time from Tq 

Models 

Base Component 

Additional Components 

Cstat / dof 



CPL or Band 

BB 

PL 


"^start 

(s) 

"^stop 

(s) 

Parameters 

Ppeak 

(keV) 

cx 


kT 

(keV) 

cx 


-2.048 

-1-16.384 

Band 

164±5 

-0.30±0.11 

<-5 



3.7/9 



CnTh+^Th 

177±35 

-0.98±0.60 

- 

39±4 

- 

2.2/8 



CnTh+^Th+PL 

632 + 238 
■^^-155 

-0.7 (fix) 

- 

44 8 + 20.5 
^^■^-11.4 

-1.5 (fix) 

2.2/8 

-K16.384 

-K20.480 

Band 

375±25 

-0.60±0.06 

-2.60±0.27 

- 

- 

18.0/9 



^nTh + C^Th 

645±142 

-1.09±0.14 

- 

63ib5 

- 

11.3/8 



CnTh+CTh+PL 

577±392 

-0.7 (fix) 

- 

60±5 

-1.5 (fix) 

12.9/8 

-K20.480 

-1-22.528 

Band 

783±30 

-0.54±0.02 

-2.92±0.39 

- 

- 

67.6/9 



CnTh+CTh 

1059±85 

-0.78±0.05 

- 

106±5 

- 

49.2/8 



CnTh+^Th+PL 

994±38 

-0.7 (fix) 

- 

103±5 

-1.5 (fix) 

49.0/8 

-1-22.528 

-1-24.576 

Band 

841±42 

-0.50±0.03 

-2.76±0.40 

- 

- 

38.8/9 



CnTh+CTh 

1101±104 

-0.70±0.07 

- 

108±8 

- 

31.6/8 



CnTh+CTh+PL 

1115±55 

-0.7 (fix) 

- 

107±8 

-1.5 (fix) 

31.6/8 

-K24.576 

-1-26.624 

Band 

944±35 

-0.48±0.02 

-2.17±0.09 

- 

- 

91.6/9 



CnTh+^Th 

2053±231 

-0.84±0.04 

- 

115±3 

- 

31.1/8 



CnTh+CTh+PL 

1789±106 

-0.7 (fix) 

- 

109±3 

-1.5 (fix) 

25.2/8 

-1-26.624 

-K28.672 

Band 

783±36 

-0.43±0.03 

-2.18±0.10 

- 

- 

54.5/9 



CnTh+CTh 

1756±267 

-0.86±0.06 

- 

105±4 

- 

24.6/8 



CnTh+CTh+PL 

1516±123 

-0.7 (fix) 

- 

100±3 

-1.5 (fix) 

22.3/8 

-K28.672 

-K32.768 

Band 

456±12 

-0.41±0.03 

-3.31±0.32 

- 

- 

46.8/9 



CnTh+CTh 

649±54 

-0.89±0.07 

- 

80±2 

- 

15.4/8 



CnTh+CTh+PL 

550±21 

-0.7 (fix) 

- 

80±3 

-1.5 (fix) 

16.4/8 

-1-32.768 

-1-34.816 

Band 

308±11 

-0.52±0.05 

<-5 

- 

- 

6.3/9 



CnTh+CTh 

342±44 

-0.78±0.21 

- 

59±8 

- 

4.7/8 



CnTh+CTh+PL 

331±23 

-0.7 (fix) 

- 

59±11 

- 

4.9/8 

-1-34.816 

-K36.864 

Band 

457±17 

-0.37±0.04 

-2.78±0.18 

- 

- 

19.8/9 



CnTh+CTh 

687±67 

-0.80±0.09 

- 

76±4 

- 

14.1/8 



CnTh+CTh+PL 

632±27 

-0.7 (fix) 

- 

76±4 

-1.5 (fix) 

13.8/8 

-K36.864 

-K38.912 

Band 

682±21 

-0.48±0.02 

-2.38±0.09 

- 

- 

54.8/9 



CnTh+CTh 

1119±81 

-0.80±0.04 

- 

92±4 

- 

33.8/8 



CnTh+CTh+PL 

1034±39 

-0.7 (fix) 

- 

89±3 

-1.5 (fix) 

32.3/8 

-K38.912 

-K40.960 

Band 

652±29 

-0.54±0.03 

-2.53±0.18 

- 

- 

27.7/9 



CnTh+CTh 

941±86 

-0.79±0.06 

- 

86±6 

- 

21.1/8 



CnTh+CTh+PL 

677±171 

-0.7 (fix) 

- 

67±23 

-1.5 (fix) 

20.8/8 

-K40.960 

-K43.008 

Band 

635±31 

-0.66±0.03 

-3.12±0.62 

- 

- 

59.9/9 



CnTh+CTh 

810±83 

-0.89±0.08 

- 

88±7 

- 

41.6/8 



CnTh+CTh+PL 

740±47 

-0.7 (fix) 

- 

84±5 

-1.5 (fix) 

30.9/8 

-K43.008 

-1-49.152 

Band 

402±15 

-0.98±0.02 

-3.73±1.25 

- 

- 

32.7/9 



CnTh+CTh 

468±39 

-1.25±0.06 

- 

71±4 

- 

13.3/8 



CnTh+CTh+PL 

145±15 

-0.7 (fix) 

- 

101±6 

-1.5 (fix) 

30.6/8 

-1-49.152 

-K61.440 

Band 

399±14 

-1.17±0.02 

<-5 

- 

- 

57.6/9 



CnTh+CTh 

373±36 

-1.43±0.05 

- 

81±5 

- 

11.3/8 



CnTh+CTh+PL 

86±5 

-0.7 (fix) 

- 

87±3 

-1.5 (fix) 

42.2/8 

-1-61.440 

-K71.680 

Band 

308±13 

-1.24±0.03 

<-5 

- 

- 

24.0/9 



CnTh+CTh 

295±36 

-1.50±0.08 

- 

66±5 

- 

5.5/8 



CnTh+CTh+PL 

74±5 

-0.7 (fix) 

- 

74±3 

-1.5 (fix) 

28.6/8 

-K71.680 

-K81.920 

Band 

286±7 

-1.02±0.03 

<-5 

- 

- 

36.9/9 



CnTh+CTh 

299±26 

-1.38±0.08 

- 

60±3 

- 

10.0/8 



CnTh+CTh+PL 

140 + ^^^ 
■^^^-139 

-0.7 (fix) 

- 

79±10 

-1.5 (fix) 

10.2/8 

-K81.920 

-K88.064 

Band 

482±55 

-1.20±0.04 

-2.71±0.70 

- 

- 

22.8/9 



CnTh+CTh 

997±500 

-1.59±0.09 

- 

71±5 

- 

6.4/8 



CnTh+CTh+PL 

69±10 

-0.7 (fix) 

- 

76±5 

-1.5 (fix) 

12.0/8 

-K88.064 

-1-102.400 

Band 

110±15 

-1.74±0.11 

<-5 

- 

- 

15.1/9 



CnTh+CTh 

110±15 

-1.74±0.11 

- 

50±1 

- 

13.5/8 



CnTh+CTh+PL 

10±1 

-0.7 (fix) 


66±20 

-1.5 (fix) 

12.0/8 






























































































































































